Introduction
============

Gene regulation needs to be harmoniously controlled to allow precise appropriate mammalian development of embryonic and extraembryonic structures such as the placenta and foetal membranes. The amnion and chorion are foetal membranes involved in many physiological processes during pregnancy, such as protection and nutrition of the developing foetus, amniotic fluid homeostasis and parturition. These membranes form a highly specialized interface between mother and foetus and are absolutely essential to an optimal pregnancy outcome. They could also be involved in human obstetrical pathologies such as chorioamnionitis, oligohydramnios or pre-term pre-labour rupture of membranes (PPROM) \[[@b1]\]. The amnion consists mostly of a single layer of epithelial cells (amniocytes) on a thick basement membrane and a spongy collagen layer containing mesenchymal cells \[[@b2]\]. The chorion is a more opaque membrane attached to the maternal decidua containing trophoblastic cells. These layers mainly comprise extracellular matrix (ECM) proteins such as different collagen types, laminin, fibronectin and proteoglycans \[[@b3]\]. This complex framework allows optimal membrane resistance during pregnancy by increasing both the tensile strength and the elasticity of the foetal membranes \[[@b4]\]. During or just prior to labour, the breakdown of these proteins is regulated by the matrix metalloproteinases (MMPs) system \[[@b5]\]. These biochemical changes and the architectural disorganization of the foetal membranes reduce their integrity and elasticity, leading to membrane weakening and rupture, heralding the initiation of parturition \[[@b6]\].

The plasminogen activator system, which includes tissue-type plasminogen activator (t-PA), plays an important role in the regulation of MMP activities \[[@b7], [@b8]\], leading to plasminogen activation and conversion into plasmin. This gives rise to the activation cascade of latent proenzymes such as pro-MMPs in a phenomenon that leads to ECM degradation. By controlling the turnover of collagens, t-PA is one of the most important actors in the ECM degradation of human foetal membranes. Indeed, t-PA gene expression increases in foetal membranes after pre-term labour and delivery \[[@b9], [@b10]\]. The molecular mechanism regulating t-PA expression in amniotic membranes remains unknown. However, retinoic acid (RA) increases t-PA expression in human umbilical vein epithelial cells (HUVEC) \[[@b11]\], blood mononuclear cells \[[@b12]\], astrocytes \[[@b13]\], teratocarcinoma \[[@b14]\], fibrosarcoma and osteocarcinoma cell lines \[[@b15]\].

Retinoids, including retinol (vitamin A) and its active metabolites all-*trans* and 9-*cis* retinoic acid (atRA and 9cisRA, respectively), play an important role in the control of cell proliferation and differentiation, particularly during embryonic and placental development \[[@b16]\]. Retinoids mediate their action by binding two families of nuclear receptors named retinoic acid receptors, or RARs (RAR-α, -β and -γ), and retinoid X receptors, or RXRs (RXR-α, -β and -γ). These receptors act as ligand-activated transcription factors and form heterodimers RAR/RXR binding DNA response element (RARE) located on specific target genes \[[@b17]\]. The implications of retinoids in terms of placental development and physiology have been clearly established \[[@b18]\]. Moving on from our previous demonstration that the molecular and metabolic actors of retinoid signalling pathways are functional in human foetal membranes \[[@b19]\], the first aim of our study was to establish the regulation of t-PA gene expression by RA in this extraembryonic environment. The second aim of this study was to identify the different actors involved in this amniotic retinoid regulation of t-PA.

Materials and methods
=====================

Chemicals and reagents
----------------------

atRA, 9cisRA, cycloheximide (CHX), trypsin, protease inhibitors and dimethyl sulphoxide (DMSO) were purchased from Sigma-Aldrich® (Lyon, France). LE135 RAR-β-selective antagonist \[[@b20]\] was obtained from Tocris® (Bristol, United Kingdom). The culture medium and additives (streptomycin and penicillin) were acquired from Invitrogen® (Cergy-pontoise, France), and dextran-coated charcoal-stripped foetal calf serum (FCS) was purchased from ATGC® (Marne la Vallee, France). The transfection reagent GeneJammer was obtained from Agilent Technologies®, Massy, France. BAC of chromosome 8 (RP11--231D20) containing t-PA gene was acquired from Roswell Park Cancer Institute® (Buffalo, NY, USA).

Tissue collections
------------------

Human foetal membranes were obtained from 15 different patients with healthy pregnancy (38.0 ± 0.5 weeks of gestation) undergoing planned caesarean section (Hôtel-Dieu Maternity, Clermont-Ferrand, France) after gaining informed consent in accordance with the Declaration of Helsinki and institutional ethic committee. Placental tissues and amniotic membranes were immediately used for stimulation by retinoids and/or were frozen at −80°C for RT-PCR and protein assays. To obtain reproducible results, the amnion explants were always taken from the same location, as recommended previously \[[@b21]\].

Cell and tissue culture
-----------------------

Both the amnion explants and the human amnion-derived Wistar Institute Susan Hayflick (WISH) epithelial cell line cultures were conducted as previously described \[[@b19]\].

Quantitative RT-PCR experiments
-------------------------------

Total RNA was extracted from human total amnion, chorion and cell cultures using TRIZOL (Invitrogen®). The cDNA synthesized from 2 μg of RNA was generated using a Superscript III First-Strand Synthesis System for RT-PCR (Invitrogen®). RT-PCR reactions were performed with the DNA Master SYBRGreen I® reagent set in the Light Cycler® system (Roche Diagnostics®(Meylan, France)). Quantification of the housekeeping gene acidic ribosomal phosphoprotein P0 (36B4) transcripts was performed for all samples as an internal control on the amount and quality of cDNA \[[@b19]\]. The results were given as the ratio between t-PA and 36B4 transcripts. All experiments were performed in triplicate. PCR products were checked on a 1.5% agarose gel. The primer sequences used for the analysis are described in [Table 1](#tbl1){ref-type="table"}.

###### 

Sequence of primers used for expression analysis (upper part) and for mutagenesis (lower part)

                                    **Forward**                                                   **Reverse**                                 **Size (pb)**
  --------------------------------- ------------------------------------------------------------- ------------------------------------------- ---------------
  Primers for expression analysis                                                                                                             
  t-PA                              5′ -CTGGGGAACC AC AACT AC-3′                                  5′-GTTCTGTGCTGTGTAAACCT-3′                  243
  SP1                               5′-TGTAAAGACAGTGAAGGAAG-3′                                    5′-GTGGGTCTTGATATGTTTTG-3′                  200
  36B4                              5′ -GACCTGGAAGTCC AACT ACT-3′                                 5′-GTGATATCAAGCACTTCAGG-3′                  600
  XDR5t-PA                          5′ -AGGTCTGAGTGATCTCATTG-3′                                   5′-ACAAT AACC AAAACCAAGTG-3′                151
  XDR5RAR-β                         5′ -CTCTCTGGCTGTCTGCTTTT-3′                                   5′-GGCAAAGAATAGACCCTCCT-3′                  233
  Primers for mutagenesis                                                                                                                     
  t-PA-0,4 DR5mut                   5′-- GCC ATGGCCTGGGACTCTGGGTA TTACGCACTAAACGAAGGAATT ATC-3′   5′-CAGAGTCCCAGGCCATGGCTGT GTCTGGGGCG-3′     
  t-PA-0,4 DR5SPlmut                5′-CTTTGGCCGCTCTCCCAAAGGGATCGTTACTAGACACAGCCATGG-3′           5′-CCTTTGGGAGAGCGGCCAAAGCCCTATTCACCTCG-3′   

t-PA immunohistological and -cytological staining assays
--------------------------------------------------------

Cryosections of the whole amnion, chorion and WISH cells grown in Lab-Tek culture chambers (MC2®(Clermont-Ferrand, France)) were fixed in 4% paraformaldehyde in PBS (pH 7.4) at room temperature (RT) for 10 min., rinsed three times with PBS, incubated at RT for 10 min. in H~2~O~2~ (quenching of endogenous peroxidases) and incubated in PBS with 3% bovine serum albumin at RT for 30 min. The cells and tissues were incubated overnight at 4°C in the presence of t-PA certified goat polyclonal primary antibody (American Diagnostica®(Neuville-sur-Oise, France), 1/200 in PBS). This step was followed by three PBS washes and a 1-hr incubation in the presence of a secondary donkey polyclonal HRP anti-goat antibody (Abcam® (Paris, France)) at RT (dilution in PBS 1/5000), followed by three washes with PBS. The samples were then mounted in an aqueous propyl gallate/PBS mounting fluid and examined by DAPI nuclear staining (5 min., dilution in PBS 1/5000) under a Zeiss® (Le Pecq, France) Axiophot microscope. For negative controls, the sections were incubated without primary antibody.

t-PA protein quantification
---------------------------

The levels of t-PA (ng/ml) expressed in control and retinoid- stimulated foetal membranes and WISH cells were determined using the Imubind t-PA ELISA kit (American Diagnostica®). ELISA experiments were performed according to the manufacturer's instructions. For each condition, t-PA protein concentration was normalized by total cellular protein concentration measured by the Biuret method on a Modular P800 analyser (Roche Diagnostics®).

Plasmid construction
--------------------

For t-PA promoter analysis (see [Fig. 2A](#fig02){ref-type="fig"}), the different constructs (pt-PA1.0-CAT, pt-PA4.8a-CAT, ptPA4.8b-CAT, pt4.8c-CAT and pt1.4-CAT) were obtained using PCR amplifications from a BAC of chromosome 8 (RP11--231D20) cloned into the pBLCAT3 enhancer vector (Promega® (Charbonnieres-les-bains, France)). All constructs were verified by sequencing. Two other t-PA promoter constructs (pt-PA0.4DR5-CAT and pt-PA2.4-DR5-CAT) were kindly provided by Frank Bulens \[[@b22]\]. The generation of mutated DR5 or Sp1 site into pt-PA0.4DR5-CAT construct was carried out using the GeneTailor™ Site-Directed Mutagenesis System (Invitrogen®). The mutagenesis primers designed for the mutations are reported in [Table 1](#tbl1){ref-type="table"}. The DR5 and Sp1 sites were, respectively, mutated from 5′-GGGTCACC CTGGGGTCA-3′ to 5′-GGTATTACGCACTAAAC-3′ and from 5′-A GCCCGCCCC-3′ to 5′-GATCGTTACT-3′. The mutated sequences were verified by DNA sequencing. Human RAR and RXR expression plasmids were kindly provided by Pierre Chambon (IGBMC, Strasbourg, France) \[[@b23], [@b24]\]. Plasmid pDR5-tk-CAT contains two copies of the RA-responsive element DR5 \[[@b25]\]. To normalize transfection efficiency, the pCH110 vector containing the β-galactosidase gene (driven by the cytomegalovirus \[CMV\] promoter) was cotransfected. SureSilencing™ RAR-β shRNA and negative control shRNA plasmids (KH00459N) containing neomycin resistance were purchased from SABiosciences® (Frederick, MD, USA).

![t-PA gene promoter contains a functional DR5 response element located at --7 kb. (A) Schematic representation of different constructs of the t-PA gene promoter. The t-PA promoter contains putative retinoid response elements (open circle) and a putative SP1 fixation site sequence (open triangle). (B) WISH cells were transfected with plasmid containing different lengths of the t-PA gene promoter in combination with the human RAR-α/RXR-α expression vectors pSG5-hRAR-α and pSVL-hRXR-α and then exposed to 10^−6^ M atRA and/or 9cisRA for 24 hrs. (C) Site-directed mutagenesis analysis of the putative DR5 sequence in the t-PA promoter. WISH cells were transiently transfected with wild-type pt-PA0.4DR5 or mutant pt-PA0.4mDR5 with the human RAR-α/RXR-α expression vectors exposed to 10^−6^ M atRA and/or 9cisRA for 24 hrs. Positive control was performed using a construct containing a double DR5 linked to thymidine kinase (boxed illustrations). Results are expressed as fold induction relative to the control treatment sample. Each value represents the mean ± S.D. of three separate transfections, each performed in duplicate. \**P* \< 0.05.](jcmm0014-1793-f2){#fig02}

Transfection of WISH cells
--------------------------

The amnion-derived WISH epithelial cells were trypsinized 16 hrs before transfection in 6-well plates. A total of 3 × 10^5^ cells were transfected using GeneJammer with 1.45 μg of different t-PA constructs or positive control pDR5-tk-CAT plasmid and 0.25 μg of pCH110 β-galactosidase vector. After overnight incubation, the cells were treated for 24 hrs with retinoids (atRA and/or 9cisRA), using an optimized concentration for retinoid-driven WISH stimulation, as previously established \[[@b19]\], and/or LE135 RAR-β antagonist at 10^−6^ M \[[@b20]\]. For all the experiments, the maximal DMSO concentration to which the cells were exposed was \<0.1%. Cell viability assays, using cells supernatants, were performed for each treatment (retinoids and DMSO) using XTT assays (Roche Diagnostics®). The average values of cells grown in regular medium were considered as 100% viability; no toxicity \>10% was observed for retinoids or for DMSO treatment. At 48 hrs after transfection, the cells were harvested and lysed before performing CAT (Roche Diagnostics®) and β-galactosidase assays (Stratagene®) according to the manufacturer protocols.

Immunoprecipitation
-------------------

Transfected WISH cells were washed twice with PBS and cell lysates were prepared by resuspension of the cells with gentle rocking in ice-cold IPH buffer (50 mM Tris pH8, 150 mM NaCl, 5 mM ethylenediaminetetraacetic acid \[EDTA\], 0.5% NP40 and protease inhibitors). The supernatants were incubated overnight with 3 μg of RAR-α (sc-551), RAR-β (sc-552), RAR-γ (sc-550) or RXR-α (sc-553) rabbit antibodies (Santa Cruz Biotechnology® (Santa Cruz, CA, USA)) and then with protein A/G plus agarose beads (Santa Cruz Biotechnology®) for 2 hrs. Negative controls were conducted in a similar manner using rabbit IgG. Agarose beads were then washed five times with ice-cold IPH buffer in 60 μl of 4× sample loading buffer. Total immunoprecipitated protein was loaded onto 10% SDS-PAGE gels, separated, and transferred onto PVDF membranes. The membranes were blocked with PBS-5% milk and incubated with Sp1 mouse antibody (sc-59, 1/200; Santa Cruz Biotechnology®). After washing, the membranes were stained with secondary donkey polyclonal HRP antimouse antibody (1/5000 in PBS-Tween 0.1%; Abcam®). Protein bands were visualized by chemiluminescent detection (ECLplus; GE Healthcare® (Clermont-Ferrand, France)).

Chromatin immunoprecipitation assay
-----------------------------------

Three 10-cm cell culture dishes of confluent WISH cells were used for each condition. The assay was conducted following the protocol described by Nelson *et al.*\[[@b26]\], with minor modifications concerning the Chelex-100-mediated DNA purification. A 151-bp region (XDR5t-PA) of the t-PA promoter and a 233-pb region (XDR5RAR-β) of the RAR-β promoter were amplified by specific primers, described in [Table 1](#tbl1){ref-type="table"}, on the different immunoprecipitated DNA obtained with antibodies raised against RAR-α, RAR-β, RAR-γ, RXR-α and Sp1 (3 μg) or IgG antibodies (negative control). PCR products were separated by electrophoresis on a 3% agarose gel. Band intensities were analysed (linear range of PCR amplification) by densitometry (Scion Image, Scion Corporation, Frederick, MD, USA) and normalized against input control (IC).

Statistical methods
-------------------

Results expressed as means ± S.D. are an average of different experiments per condition. A comparison of the means was conducted by ANOVA analysis using StatView software (SAS Institute, Cary, NC, USA). For all the studies, the values were considered significantly different at *P* \< 0.05.

Results
=======

t-PA was expressed in amniotic membranes and WISH cells
-------------------------------------------------------

As a first step to elucidate the role of t-PA in human foetal membranes, we examined t-PA expression in the placental environment. Using RT-PCR, we showed that t-PA mRNA was expressed not only in the placenta but also in foetal membranes (amnion and chorion) and WISH cells, with a PCR product of the expected size (243 bp; [Fig. 1A](#fig01){ref-type="fig"}). These data were confirmed by immunohistochemistry showing t-PA protein expression in amniotic and chorionic membranes as well as in WISH cells ([Fig. 1B](#fig01){ref-type="fig"}). Together, these findings validate the amnion-derived cell line WISH as a cellular model for studying the functional t-PA pathway in human amnion.

![Retinoids up-regulate t-PA mRNA expression and proteins in human amniotic membrane and WISH cells. (A) First-strands cDNA prepared from the amnion, chorion, placenta and WISH cells were used to amplify t-PA mRNA. The observed RT-PCR product matched the size expected (243 pb). The PCR-negative control lane was performed without cDNA. (B) Representative immunofluorescence staining for t-PA protein on foetal membranes and WISH cells. t-PA protein was detected with an anti-t-PA polyclonal antibody recognized by an HRP-labelled secondary antibody and was revealed by a fluorescence amplification system (green). Nuclei were counterstained with DAPI (blue). AE, amniotic epithelium; CT, chorionic cytotrophoblasts. (C and D) The amnion (C) and WISH cells (D) were treated with 10^−6^ M atRA and/or 9cisRA for 12 and 24 hrs. Left panel: Total RNA was isolated and subjected to qPCR for t-PA transcript quantification. Right panel: t-PA protein concentrations were measured in cell extracts by ELISA, as described in the Materials and Methods section, and were normalized to total proteins extract concentrations. (E and F) The amnion (E) and WISH cells (F) were treated with or without cycloheximide (CHX), 10^−6^ M atRA and/or 9cisRA for 24 hrs. In all experiments, t-PA mRNA level was normalized to 36B4 and expressed as the level of induction relative to the control treatment (DMSO). First-strand cDNA was prepared from RNA and equal amounts were subjected to qRT-PCR analysis. Data reported are representative of three independent experiments, each performed in triplicate. Each bar gives means ± S.D. \**P* \< 0.05.](jcmm0014-1793-f1){#fig01}

t-PA expression was induced by retinoid treatment of amnion and WISH cells
--------------------------------------------------------------------------

To examine the role of retinoids in transcriptional regulation of t-PA, quantitative RT-PCR (qRT-PCR) analysis was performed after the amnion and WISH cells had been exposed to atRA and/or 9cisRA for 12 and 24 hrs ([Fig. 1C](#fig01){ref-type="fig"} and D/left panel). Both treatments of the amnion with 10^−6^ M of atRA and 9cisRA significantly enhanced t-PA mRNA levels. This induction could be only detected after a minimal exposure to retinoids for 12 hrs and reached an approximately three-fold increase after 24 hrs ([Fig. 1C](#fig01){ref-type="fig"}). Similar results were obtained on the WISH cell line, with an approximately 2.5-fold increase after 24 hrs ([Fig. 1D](#fig01){ref-type="fig"}). To confirm the retinoid actions on t-PA expression, we analysed their effects on t-PA protein expression in the amnion and WISH cells treated for 24 hrs with 10^−6^ M of atRA and/or 9cisRA. Retinoids significantly stimulated the expression of t-PA protein in the amnion (about four-fold) and WISH cells (about 1.6-fold; [Fig. 1C](#fig01){ref-type="fig"} and D/right panel).

Retinoid transactivation of t-PA is regulated by a two-step pathway in amnion
-----------------------------------------------------------------------------

To determine whether retinoid-mediated induction of t-PA occurs through a direct regulation by atRA and 9cisRA, both the amnion and the WISH cells were treated by CHX, a well-established inhibitor of *de novo* protein synthesis ([Fig. 1E](#fig01){ref-type="fig"} and F). We showed that t-PA mRNA levels only increased about two-fold in the amnion compared with a 3.5-fold induction in the absence of CHX. In WISH cells, the t-PA induction was blocked by CHX ([Fig. 1F](#fig01){ref-type="fig"}). Using our cell model, these results suggest that the induction of t-PA was not only due to the direct action of retinoids but also dependent on combined mechanisms based on new protein synthesis.

Retinoid-induced t-PA promoter activity in WISH cells
-----------------------------------------------------

In order to identify RA response element in the t-PA promoter, the transcriptional regulation of t-PA gene expression by retinoids was explored in transient transfection assays using various constructs of the t-PA promoter. Indeed, bioinformatics analysis using Genomatix (Le Pecq, France) software revealed that numerous putative retinoid response elements were present in the --10 kb t-PA promoter, including a putative DR5 located at --7 kb ([Fig. 2A](#fig02){ref-type="fig"}; open circle). Therefore, the t-PA promoter was cut into different portions containing or not containing putative retinoid response elements ([Fig. 2A](#fig02){ref-type="fig"}). A double DR5 linked to thymidine kinase was used as a positive control of retinoid transactivation of the different constructs, confirming retinoid activation ([Fig. 2B](#fig02){ref-type="fig"}). Transfection experiments with the −2200/−963 (pt-PA4.8a-CAT), −4649/−2200 (pt-PA4.8b-CAT), −5800/−4649 (pt-PA4.8c-CAT) and −7183/−5800 (pt-PA1.4-CAT) promoter fragments revealed that neither atRA or 9cisRA nor atRA and 9cisRA had any effect on CAT activity ([Fig. 2B](#fig02){ref-type="fig"}). In contrast, the −9578/−7183 promoter fragment (pt-PA2.4DR5-CAT) drove a significant 2.8-fold increase of reporter gene activity in response to atRA and/or 9cisRA, suggesting that this fragment contains one or more functional response elements. To precisely determine which is/are the functional retinoid response element(s) in this promoter, deletion constructs of the −9578/−7183 promoter fragment were run in similar experiments. Only the −7595/−7183 fragment (pt-PA0.4DR5-CAT) showed an approximately 3.8-fold induction of CAT activity in the presence of atRA and/or 9cisRA ([Fig. 2B](#fig02){ref-type="fig"}), strongly suggesting that this 400-pb fragment is sufficient to drive retinoid regulation of the t-PA gene. Moreover, bioinformatics analysis revealed that two putative retinoid response elements (DR5 and DR8) were present in this 400-pb fragment (contained in the pt-PA0.4DR5-CAT construct). As retinoid response elements are typically built of two consensus palindromic AGGTCA sequences separated by 5 pb \[[@b27]\], we performed site-directed mutagenesis of the DR5 response element found between −7212 and −7195 pb (pt-PA0.4mDR5-CAT). Transfection with pt-PA0.4mDR5-CAT showed that atRA and/or 9cisRA induction was completely abolished ([Fig. 2C](#fig02){ref-type="fig"}). There was no effect with mutation of DR8 response element (data not shown). These data demonstrated that DR5 located at −7212/−7195 pb mediates the activation of reporter gene expression by atRA and/or 9cisRA, suggesting that this DR5 response element controls t-PA gene regulation in WISH cells.

SP1 was involved in retinoid regulation of t-PA
-----------------------------------------------

In order to find transcription factors that could be further involved in the regulation of t-PA gene, we searched for other *cis*-acting elements that could be critical for retinoid regulation of the t-PA gene. Bioinformatics analysis revealed the presence of SP1 binding element on the 400-pb t-PA (pt-PA0.4DR5-CAT) construct ([Fig. 2A](#fig02){ref-type="fig"}; open triangle). Therefore, we hypothesized that RARs and RXRs might interact with SP1 in the regulation of t-PA expression in WISH cells. To confirm this hypothesis, we first checked SP1 expression in the extraembryonic environment ([Fig. 3A](#fig03){ref-type="fig"}). Using RT-PCR, we showed that SP1 was expressed in the amnion and WISH cells as in the placenta, which was used as a positive control \[[@b28]\]. To examine retinoid action on SP1 factor, the amnion and WISH cells were treated for 12 and 24 hrs by atRA and/or 9cisRA. qRT-PCR showed that atRA and/or 9cisRA had no effect on SP1 mRNA levels in the amnion ([Fig. 3B](#fig03){ref-type="fig"}) or in WISH cells ([Fig. 3C](#fig03){ref-type="fig"}). Moreover, WISH cells were also treated for 24 hrs with atRA and/or 9cisRA after transient transfections using pt-PA0.4DR5mSP1-CAT, in which we mutated the SP1 site located at −7248/−7238 pb. We showed that atRA and/or 9cisRA activation was abolished when this −7248/−7238 SP1 site was mutated ([Fig. 3D](#fig03){ref-type="fig"}), indicating that the −7248/−7238 SP1 binding motif is important for retinoid regulation of the t-PA gene. Previous studies have demonstrated a physical interaction between RARs/RXRs and SP1 during retinoid regulation of target genes \[[@b29]\]. In order to test this physical interaction during amniotic regulation of t-PA by RA, immunoprecipitation assays were performed using the 24-hr retinoid-treated WISH cells transfected by the human RARs, RXR-α and SP1 expression vectors. Figure 3(E) showed that SP1 was co-immunoprecipitated not only with RAR-α/RXR-α but also with RAR-β, suggesting that SP1 and RARs/RXR-α physically interact in our cell model.

![SP1 is necessary in retinoid-mediated regulation of the t-PA gene. (A) First-strand cDNA prepared from the amnion, WISH cells and placenta were used to amplify SP1 mRNA. Placenta cDNA sample was used as a positive control. The observed RT-PCR product matched the expected size (300 pb). (B and C) The amnion (B) and WISH cells (C) were treated with 10^−6^ M atRA and/or 9cisRA for 12 and 24 hrs. Total RNA was isolated and subjected to qPCR for SP1 transcript quantification. First-strand cDNA was prepared from RNA and equal amounts were subjected to qRT-PCR analysis. In all experiments, SP1 mRNA level was normalized to 36B4 and expressed as the level of induction relative to the control treatment (DMSO). Data reported are representative of three independent experiments, each performed in triplicate. Each bar gives mean ± S.D. (D) Site-directed mutagenesis analysis of the putative SP1 sequence in the t-PA promoter. WISH cells were transiently transfected with wild-type pt-PA0.4DR5-CAT or mutant pt-PA0.4mSP1-CAT with the human RAR-α/RXR-α expression vectors exposed to 10^−6^ M atRA and/or 9cisRA for 24 hrs. For each experiment, a positive control was performed using a construct containing a double DR5 linked to thymidine kinase (boxed illustration). Results are expressed as fold induction relative to the control treatment sample. Each value represents the mean ± S.D. of three separate transfections, each performed in duplicate. \**P* \< 0.05. (E) WISH cells were exposed to 10^−6^ M atRA and 9cisRA for 24 hrs. Cell lysate proteins were immunoprecipitated with normal rabbit IgG or antibodies raised against RAR-α, RAR-β or RXR-α. Immunoprecipitated proteins were resolved by SDS-PAGE, transferred to PVDF membranes and probed with SP1 antibody. Input lane represents 10% of total protein extracts. IP, immunoprecipitation; WB, Western blot. (F) ChIP experiments were performed using WISH cells exposed to 10^−6^ M atRA and 9cisRA for different times (0, 2, 6, 12 and 24 hrs). Formaldehyde-fixed and sonicated lysates were subjected to immunoprecipitation using normal rabbit IgG or antibodies raised against RAR-α, RAR-β, RXR-α or SP1. Non-immunoprecipitated (input) and immunoprecipitated DNA were subjected to PCR using XDR5t-PA primers (151pb; [Table 1](#tbl1){ref-type="table"}) that amplify the t-PA promoter region containing DR5 response element and SP1 response element, as described in the Materials and Methods section. Enrichment of immunoprecipitated t-PA chromatin by RARs, RXR-α or SP1 antibodies was specific compared with ChIP performed using IgG control antibodies. Graph represents semi-quantitative relative interaction of RAR-α (lozenge), RAR-β (square), RXR-α (triangle) and SP1 (circle) compared with input control (obtained from *n*= 3 independent assays).](jcmm0014-1793-f3){#fig03}

SP1, RARs and RXR-α bind to t-PA promoter
-----------------------------------------

To examine SP1, RARs and RXR-α binding to their respective DNA response elements previously identified, ChIP assays were performed on WISH cells exposed to atRA and 9cisRA for different incubation periods (0, 2, 6, 12 and 24 hrs) using ChIP PCR primers designed to flank DR5 response element and SP1 binding motif located at −7 kb on t-PA promoter ([Fig. 3F](#fig03){ref-type="fig"}). The results revealed that RAR-α is able to bind DR5 after 6 and 12 hrs of retinoid treatment. Surprisingly, RAR-β (not naturally expressed in WISH cells) bound to DR5 t-PA promoter at 24 hrs. Because retinoid receptors are active as heterodimers, we tested the ability of RXR-α to bind to DR5 t-PA promoter. We showed that RXR-α binding to t-PA promoter was time dependent. Indeed, RXR-α weakly bound the DR5 site of t-PA promoter at 2 hrs and 12 hrs of retinoid treatment, whereas a higher enrichment of immunoprecipitated t-PA chromatin by RXR-α was detected at 6 and 24 hrs of retinoid exposure. Moreover, this experiment showed that SP1 binding is also time dependent, with high SP1 binding to its site at 6 hrs of retinoid treatment and weak binding at 24 hrs of retinoid exposure. Taken together, these results obtained on WISH cells suggest that retinoid regulation of t-PA gene is a dynamic process, with the first step (before 12 hrs of retinoid induction) involving RAR-α/RXR-α heterodimer and SP1 factor and the second step (around 24 hrs after retinoid treatment) involving RAR-β/RXR-α that replaces the earlier heterodimer, but always with SP1.

RAR-β expression increased after retinoid stimulation in amnion and WISH cells
------------------------------------------------------------------------------

To clarify the involvement of RAR-β in t-PA regulation, we first examined RAR-β expression after exposure of the amnion to atRA and/or 9cisRA for 12 and 24 hrs ([Fig. 4A](#fig04){ref-type="fig"}). qRT-PCR assays showed that RAR-β mRNA levels increased approximately two-fold in the presence of atRA or 9cisRA and increased three-fold with both atRA and 9cisRA at 12 hrs. This induction was also maintained after 24 hrs in the presence of retinoids. Similar experiments were performed in WISH cells treated with atRA and 9cisRA for different incubation times (0, 2, 6, 12 and 24 hrs; [Fig. 4B](#fig04){ref-type="fig"}). We confirmed that RAR-β was not expressed at T~0~ (*e.g*. in the absence of retinoids), in accordance with our previous studies \[[@b19]\]. The atRA- and 9cisRA-driven induction of RAR-β mRNA levels was time dependent in WISH cells. RAR-β began to be expressed after 2 hrs of exposure with atRA and 9cisRA. In our cell model, this expression increased by 1.3-fold at 6 hrs, 1.8-fold at 12 hrs and approximately 2.5-fold at 24 hrs.

![shRNA RAR-β strongly abolished the second-step retinoid-mediated induction of t-PA gene in WISH cells. (A) The amnion was treated with 10^−6^ M atRA and/or 9cisRA for 12 and 24 hrs. Total RNA was isolated and subjected to qPCR for RAR-β transcript quantification. First-strand cDNA was prepared from RNA and equal amounts were subjected to qRT-PCR analysis. (B) WISH cells were treated with 10^−6^ M atRA and 9cisRA for different periods of retinoid treatment (0, 2, 6, 12 and 24 hrs). Total RNA was isolated and subjected to qPCR for RAR-β transcript quantification. First-strand cDNA was prepared from RNA and equal amounts were subjected to qRT-PCR analysis. In all experiments, the level of RAR-β mRNA was normalized to 36B4 and expressed as the level of induction relative to the control treatment (DMSO). Data reported are representative of three independent experiments, each performed in triplicate. Each bar gives the mean ± S.D. \**P* \< 0.05. (C) ChIP experiments were performed using WISH cells exposed to 10^−6^ M atRA and 9cisRA for different times (0, 2, 6, 12 and 24 hrs). Formaldehyde-fixed and sonicated lysates were subjected to immunoprecipitation using normal rabbit IgG or antibodies raised against RAR-α or RXR-α. Non-immunoprecipitated (input) and immunoprecipitated DNA were subjected to PCR using XDR5RAR-β primers (233 pb; [Table 1](#tbl1){ref-type="table"}) that amplify the RAR-β promoter region containing DR5 response element, as described in the Materials and Methods section. Interactions of proteins with DNA are specific, since there was no enrichment of immunoprecipi tated RAR-β promoter with IgG antibody compared with RAR-α and RXR-α antibodies. Graph represents semi-quantitative relative interaction of RAR-α (lozenge) and RXR-α (square) compared with input control. (D and E) WISH cells stably transfected with shRNA RAR-β (shRNA-RAR-β-WISH, black bar) or control shRNA (shRNA-control-WISH, white bar) were treated with 10^−6^ M atRA and 9cisRA for 12 and 24 hrs. Total RNA was isolated and the expression of t-PA was analysed by quantitative RT-PCR. The level of t-PA mRNA was normalized to 36B4 and expressed as the level of induction relative to the control treatment (DMSO). t-PA protein concentrations were quantified by ELISA assay, as described in the Materials and Methods section, and were normalized to total protein extract concentrations. Data reported are representative of three independent experiments. Each bar gives the mean ± S.D. \**P* \< 0.05.](jcmm0014-1793-f4){#fig04}

RAR-α is able to interact with the DR5 site of RAR-β promoter in WISH cells
---------------------------------------------------------------------------

As been previously described, a DR5-type response element is present in the RAR-β promoter sequence \[[@b30]\]. To verify the ability of RAR-α and RXR-α to interact with RAR-β promoter in the amniotic environment, ChIP experiments were performed on WISH cells treated with retinoids at different times using primers flanking the DR5 site of the RAR-β promoter ([Fig. 4C](#fig04){ref-type="fig"}). The results showed that RAR-α and RXR-α were able to bind RAR-β DR5 at 2, 6, 12 and 24 hrs after retinoid treatment. RAR-α binding appeared stronger at 6 and 12 hrs. No interaction could be detected for RAR-β and RAR-γ (data not shown). These results suggest that RAR-α/RXR-α heterodimers are involved in RAR-β transactivation by retinoids in the amniotic (WISH cells) environment.

RAR-β is necessary for retinoid-mediated regulation of t-PA in WISH cells
-------------------------------------------------------------------------

To confirm the role of RAR-β in t-PA regulation by retinoids, WISH cells stably transfected for shRNA RAR-β (shRNA-RAR-β-WISH) were established and treated with atRA and 9cisRA for 12 and 24 hrs. We first verified RAR-β extinction in terms of mRNA and proteins. No RAR-β mRNA was present at 12 hrs in shRNA-RAR-β-WISH cells, and RAR-β mRNA levels decreased by approximately 70% at 24 hrs compared with shRNA-control-WISH cells. At the protein level, shRNA-RAR-β-WISH cells showed a similar decrease of RAR-β proteins at 24 hrs (data not shown). t-PA mRNA and protein levels were then quantified in shRNA-RAR-β-WISH cells retinoid-treated for 12 and 24 hrs. As shown in [Fig. 4(D)](#fig04){ref-type="fig"}, the induction of t-PA mRNA levels decreased by 56% in shRNA-RAR-β-WISH cells after 24 hrs of retinoid treatment compared with shRNA-control-WISH cells. In term of proteins ([Fig. 4E](#fig04){ref-type="fig"}), the absence of RAR-β had a significant weak effect on t-PA levels after 12 hrs of retinoid treatment, whereas t-PA induction had decreased by approximately 85% after 24 hrs of retinoid stimulation. This result is in accordance with our previous results indicating that RAR-β protein only interacts with t-PA promoter around 24 hrs after retinoid-mediated induction ([Fig. 3F](#fig03){ref-type="fig"}). To deeply analyse the involvement of RAR-β in t-PA retinoid regulation, shRNA-RAR-β-WISH and shRNA-control-WISH cells were transiently transfected with pt-PA0.4DR5, treated by atRA and/or 9cisRA for 24 hrs and submitted to CAT reporter assay. The results revealed that CAT induction was lower in cells expressing shRNA-RAR-β-WISH as well as in the presence of atRA and both atRA and 9cisRA compared with shRNA-control-WISH cells after the 24-hr retinoid treatment (data not shown).

RAR-β antagonist inhibits retinoid-mediated induction of t-PA in WISH cells
---------------------------------------------------------------------------

In order to confirm by a pharmacological approach that the retinoid-mediated induction of t-PA expression occurs through RAR-β, WISH cells were treated with 10^−6^ M RAR-β-selective antagonist LE135 \[[@b10]\] simultaneously with 10^−6^ M atRA and 9cisRA and submitted to qRT-PCR and t-PA protein assays. As shown in [Fig. 5(A)](#fig05){ref-type="fig"}, atRA and 9cisRA induction of t-PA mRNA was significantly blocked by RAR-β antagonist after the 24-hr retinoid exposure. Retinoid-mediated induction of t-PA mRNA levels was decreased by approximately 70% after atRA and 9cisRA treatment in the presence of LE135. Similarly, LE135 blocked t-PA protein induction by retinoids, which had decreased by 81% at 24 hrs ([Fig. 5B](#fig05){ref-type="fig"}). WISH cells were transfected with pt-PA0.4DR5-CAT and treated with RAR-β antagonist, atRA and 9cisRA for 24 hrs. In our cell model, CAT reporter analysis assay showed that retinoid-mediated t-PA expression was similarly inhibited in the presence of RAR-β antagonist (data not shown).

![RAR-β antagonist LE135 blocked the retinoid-mediated induction of t-PA gene in WISH cells. (A and B) WISH cells were treated with 10^−6^ M LE135 and 10^−6^ M atRA. (A) Total RNA was isolated and the expression of t-PA was analysed by quantitative RT-PCR. The level of t-PA mRNA was normalized to 36B4 and expressed as the level of induction relative to the control treatment (DMSO). (B) t-PA protein concentrations were quantified by ELISA assay, as described in the Materials and Methods section, and were normalized to total protein extract concentrations. Data reported are representative of three independent experiments. Each bar gives the mean ± S.D. \**P* \< 0.05.](jcmm0014-1793-f5){#fig05}

Discussion
==========

The amnion presents important adaptive structural and biochemical properties that enable it to follow gestational changes in the foetus throughout pregnancy and to participate at the right time in parturition. These gestational adaptations are strongly based on ECM proteins, whose precise organization and turnover have to be finely regulated by complex network of molecular signalling. A disorganization of these molecular regulations combined with premature disruption of the amnion can lead to an obstetrical pathology called pre-term pre-labour rupture of foetal membranes. The t-PA is one of the major proteins involved in the ECM degradation of human foetal membranes. In order to provide new clues for a better understanding of the physiopathology of foetal membranes, the precise mechanism of t-PA gene regulation has to be clarified and, more particularly, specified in terms of its relationships with retinoids, the active derivatives of vitamin A clearly implicated in embryonic and extraembryonic development \[[@b18]\].

We demonstrated retinoid-mediated induction of t-PA gene expression in the amnion and amniotic WISH cells (suspected to have a HeLa contamination). This is the first gene described as being regulated by retinoids in the amniotic environment. Furthermore, this regulation involved an additional partner SP1, forming a trimeric complex with RAR/RXR heterodimers. This complex was able to interact with the DR5 retinoid response element and an SP1 binding motif located at −7 kb of the t-PA transcription start site. We established that this t-PA induction occurs through two different successive steps and propose a schematic regulation ([Fig. 6](#fig06){ref-type="fig"}). In the first step (before and up to the 12-hr retinoid stimulation), retinoid-mediated induction allowed RAR-α/RXR-α heterodimers to bind to the DR5 response element of RAR-β gene and to the DR5 site of t-PA gene to stimulate both gene transcriptions ([Fig. 6A](#fig06){ref-type="fig"}). In the second step ([Fig. 6B](#fig06){ref-type="fig"}), RAR-β/ RXR-α heterodimers interact with the same DR5 response element of the t-PA gene, allowing a longer induction of t-PA expression. By the establishment of such a molecular pathway, our work is also the first report identifying t-PA gene regulation in the extraembryonic environment, and more particularly the amnion, and demonstrating the RAR-β induction involvement in a cellular environment, in which RAR-β is not basically expressed at detectable levels \[[@b19]\].

![Proposed model for t-PA regulation by retinoids in human amnion. (A) First-step regulation of t-PA by a RAR-α-dependent pathway. Before and up to 12 hrs, retinoids simultaneously stimulate t-PA and RAR-β expression through RAR-α signalling. (B) Second-step regulation of t-PA by a RAR-β-delayed pathway. After 12 hrs, RAR-β is able to induce a higher t-PA expression than in the first step.](jcmm0014-1793-f6){#fig06}

The initial absence and subsequent induction of RAR-β could be considered as having an important significance in the physiology of foetal membranes. Indeed, many structural changes occur around the time of delivery and, in particular, at the rupture of foetal membranes. The molecular pathways regulating the programmed degradation leading to the rupture of these membranes are still poorly understood. The induction of RAR-β (potentially boosted by a positive autoregulatory loop \[[@b30]\]) could be a key point of this regulation. Indeed, during parturition, t-PA is expressed at a basal level ([Fig. 6](#fig06){ref-type="fig"}), leading to a weak turnover of the ECM and a global stability of foetal membranes. At the point where the membranes rupture, RAR-β could be the major signal involved in the process, weakening these membranes by up-regulating t-PA production and accelerating ECM degradation. This hypothesis is supported by data from Bogic *et al*., who demonstrated that t-PA expression increases in pre-term delivery \[[@b10]\], and from Jenkins *et al*., who showed that plasminogen levels are proportional to the scale of amniotic epithelial cell degeneration after pre-term pre-labour membrane rupture \[[@b31]\].

In this kind of developmental cascade, it is important to identify the molecular mechanisms of RAR-β activation. RAR-β activity could be reinforced by a time-specific phosphorylation. Indeed, it was previously established that RAR-β could be phosphorylated on tyrosine residues \[[@b32]\]. Treating HUVEC with RA increases t-PA production through a pathway that involves protein kinases \[[@b33]\]. The activation of protein kinase C was also recently reported to induce t-PA expression in human astrocytes \[[@b13]\]. The explanation for RAR-β induction could also be linked to the modifications in specific homeostasis and the metabolism of retinoids in foetal membranes at delivery. Indeed, we and Lachili's group demonstrated that vitamin A plasma concentrations significantly decreased at delivery compared with non-pregnant control groups \[[@b34], [@b35]\]. It was also established that at delivery, maternal β-carotene and vitamin A plasma concentrations were significantly higher than foetal cord blood concentrations \[[@b36]\], suggesting a possible uptake of retinoid stocks to allow the physiological phenomenon linked to parturition. We could hypothesize that this metabolic context specific to parturition could produce sufficient quantities of retinoids to induce amniotic RAR-β expression, which could not occur at other times of pregnancy.

Our work identified the importance of SP1 transcription factor in the retinoid-mediated regulation of t-PA in amniotic cells, showing that SP1 and RAR/RXR heterodimers cooperate and interact to transcriptionally activate amniotic t-PA gene. An increasing body of data suggests that retinoid responsiveness not only occurs *via* RAR/RXR heterodimers but also *via* cross-talk with other transcription factor pathways or, more particularly, *via* interaction with SP1. For example, RARs physically interact with SP1 in retinoid-mediated interleukin-1β (IL-1β) gene regulation \[[@b29]\], and an identical mechanism has been also described for urokinase (UK) gene regulation \[[@b37]\]. Others studies have shown that RARs functionally interact with SP1 in the retinoid-mediated regulation of transglutaminase gene \[[@b38]\], transforming growth factor-β1 (TGF-β1) \[[@b39]\] and retinol binding protein (RBP) gene \[[@b40]\]. The involvement of SP1 in t-PA regulation could be linked to the fact that a polymorphism located in the SP1 binding motif on the t-PA promoter alters t-PA response to retinoids \[[@b41]\]. In our study, the amnion explants and WISH cells did not show this polymorphism on the t-PA gene at the SP1 site, presenting a normal response to retinoid stimulation. We could hypothesize that women presenting this polymorphism could present a reduced response to retinoid stimulation and be less sensitive to this signal, which is necessary for membrane ruptures.

At parturition, the degradation of ECM proteins in amniotic membranes mainly involves t-PA, which could be also helped by other members of the t-PA cascade such as the urokinase plasminogen activator (u-PA) or the MMPs (MMP2 and MMP9). We confirmed the role of retinoids in the regulation of the t-PA system by establishing the activation of u-PA transcription (approximately three-fold) and MMP2 and MMP9 (approximately two-fold, preliminary data). These data were in agreement with the results from previous studies performed in other cellular models \[[@b37], [@b42], [@b43]\] and strengthened the global effects of retinoids on the t-PA system in the amniotic environment.

In conclusion, our report is the first study demonstrating, in the amniotic environment, a two-step mechanism of retinoid-mediated t-PA regulation involving a RAR-α-dependent regulation in the first step and a RAR-β-delayed regulation in the second step of retinoid stimulation. In terms of physiopathology, the increase of knowledge concerning the t-PA gene regulation by the retinoids was an essential step towards a better understanding of the pre-term labour rupture of foetal membranes, in which RAR-β expression levels could therefore be compared with those of labour and term rupture. This would then make it possible to develop new strategies based on retinoids for the prevention and treatment of this deleterious phenomenon during human pregnancy.
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